Objective: The aim was to assess the influence of long-term in vivo exposure, debris accumulation and archwire material on static and kinetic friction force among different types of brackets and archwires couples. Material and Methods: Friction testing was performed among four lower incisors' brackets, conventional and self-ligating (SL), coupled with either nickel-titanium or stainless steel archwires, as-received and in vivo exposed in 18 subjects. The friction testing was performed for a sliding distance of 14 mm at a speed of 10 mm/min, with a starting force of 0.2 N. Wear and quantitative assessment of debris accumulation was performed on pictures of brackets obtained using a scanning electron microscope. Non parametric tests were used for statistical analysis. Results: Only bracket type, but not exposure duration, amount of debris accumulation, archwire material or their manufacturer, was significantly correlated with both static (rho = 0.602, P < 0.001) and kinetic (rho = 0.584, P < 0.001) friction force. Within each bracket type no significant difference was observed between as-received and in vivo exposed brackets for any friction parameter except for the SL brackets in which significantly higher static and kinetic (P = 0.001, at least) friction forces were seen in in vivo exposed SL brackets (164.9 cN and 217.63 cN, respectively) in comparison with as-received SL brackets (19.69 cN and 55.72 cN, respectively). Limitation: The frictional testing was performed in the dry condition which might have influenced the results. Conclusion: A significant correlation was seen between friction force and bracket type, while treatment duration, amount of debris accumulation, archwire material or their manufacturer was not significantly correlated to it. Nevertheless, higher friction forces were measured among in vivo aged SL brackets in comparison with as-received ones.
Introduction
The importance of (low) friction in clinical orthodontics has received much attention, mainly because it has been claimed that a reduced resistance to sliding would result in a reduction in the amount of time to align teeth and/or close spaces (1) . Furthermore, with the generated during orthodontic sliding mechanics (5, 6) . Mechanical factors include surface roughness due to material type, in particular archwire material, which is related to the coefficient of friction (7) and type of ligatures/ clips (8) . Biological factors include saliva (9) (10) (11) (12) , corrosion (13, 14) and debris (6, 9) . In a clinical setting, the clinician can influence the friction force by choosing a certain type of bracket, ligature/clip or archwire material, while on the other hand the degree of debris accumulation can be controlled by the patient. Although saliva composition and corrosion are difficult to control, their impact on friction could be examined after long-term exposure of the material intraorally.
Until recently, studies on friction have been performed on asreceived archwires and brackets (10-12, 15, 16) , and either in-vitro (17) or in vivo aged ones (5, 6, 18, 19) . Some investigations (6) reported that stainless steel rectangular wires, when exposed to the intraoral environment showed a significant increase in the amount of debris accumulation and also observed a significant correlation between the amount of debris and friction (5) . However, the assessment of the amount of debris accumulation was performed mainly using semi-quantitative methods on short-term in vivo exposed material (5, 6) . Brackets and archwires are usually exposed intraorally to corrosion and debris accumulation for several months or even years, which might influence their surface characteristics and affect friction. Therefore, it is important to assess friction forces and the influence of wear and debris accumulation after long-term in vivo exposure.
The aim of the present study was to assess the influence of longterm in vivo exposure, debris accumulation and archwire material on static and kinetic friction force among different types of brackets and archwires couples. The hypothesis was that as-received and in vivo exposed brackets and archwires couples significantly differ regarding both static and kinetic friction force, mainly due to debris accumulation.
Material and methods
Ethical approval for this study was gained from the Slovenian Ethical Committee of the Medical Faculty University of Ljubljana, Slovenia, and informed consent was obtained from the parents of all subjects.
A total of 18 subjects in the final stages of comprehensive orthodontic treatment were included. During the final stages Nickel-Titanium (NiTi) and Stainless Steel (SS) archwires, 0.019 × 0.025 inches in cross-section, that had to be in the subjects´ mouth for at least 2 months, and brackets of the lower incisors at the end of orthodontic treatment were retrieved. The brackets were exposed to oral conditions for 32.91 ± 8.12 months. The NiTi archwires were in the mouth for 4.78 ± 3.63 months and the SS archwires for 9.94 ± 5.02 months. The brackets were carefully debonded using the appropriate Unitek TM debracketing instrument (3M Unitek, 3M Co., St. Paul, MN, USA). To minimize alterations by the applied force at the bracket base and to preserve the area of interest, the pull wire of the debracketing instrument was engaged under two incisal bracket wings and the 'throat' of the instrument was positioned to embrace the bracket. Then the handles were lightly squeezed until bracket debonding. They were then kept in self-sealed sterilizing packs until analysis (18) .
Brackets and archwires of the same type as-received from the manufactures were used for comparisons and were treated with the same procedures as in vivo exposed specimens. Before testing, the material was examined under the scanning electron microscope (JEOL 5500 LV, JEOL Ltd., Tokyo, Japan) with a magnification rate of 32x and pictures of each bracket were collected (Figure 1 ).
Quantitative assessment of the amount of debris accumulation on the bracket's surface Quantitative assessment of debris accumulation was performed on brackets' pictures obtained using the scanning electron microscope with a magnification rate of ×32 (Figure 2A ). The background of each picture was first removed ( Figure 2B ) and the index colour was changed to grayscale ( Figure 2C ) using Adobe Photoshop CS5 (Adobe System Incorporated, San Jose, CA).
To normalize each picture the brightest and darkest points on the bracket's surface were first defined and according to them the colour range was normalized. Next, the colour range tool was used to select the darkest point of the bracket. Automatic selection of all dark points representing debris ( Figure 2D ), along with manual selection if needed, was then done with the fuzziness set to 30. The percentage of debris was calculated by dividing the number of selected 'dark' pixels by the total number of pixels of the bracket's surface.
Friction Testing
Friction testing was done by bonding four lower incisors´ brackets on a stainless steel sandblasted plate 5 × 1 cm of area and 0.5 mm thick. Each bracket was bonded at a 3.5-mm inter-bracket distance using bisphenol A epoxy resin. A special jig was used with a SS wire 0.021 × 0.025 inches in cross-section providing full filling of the bracket slot with vertical stops at the same inter-bracket distance allowing for bracket alignment and repeatable bracket positioning. The archwire was secured in the conventional bracket's slot with SS 0.01 inch ligatures. The ligatures were placed by the same investigators (U.M.) and tightened until the archwire was fully engaged in the slot.
The Zwick Universal testing machine (Zwick Z010/TND, Germany) was used for friction testing and it was set to slide for a distance of 14 mm at a speed of 10 mm/min, with a starting force of 0.2 N. The test model was the same for all friction tests using either as-received brackets and archwires or in vivo aged ones. Two types of conventional brackets (C1, Gemini TM bracket (n = 24) and C2, Victory Both static and kinetic friction forces were measured. The static friction force was determined by the first force peak, while the kinetic friction force was calculated as the mean force from the peak until the end of the test.
Statistical analysis
The Statistical Package for Social Sciences software 20.0 (SPSS® Inc., Chicago, Illinois, USA) was used to perform the data analysis. After testing the normality of the data with the Shapiro-Wilks test and Q-Q normality plots, and the equality of variance among the datasets using a Levene test, non-parametric methods were used for data analysis.
A Kruskal-Wallis test was used to assess differences in the amount of debris accumulation, static and kinetic friction force between different types of brackets clustered according to exposure (as received/in vivo aged); when significant differences were seen, a Bonferroni-corrected Mann-Whitney U-test was used for pairwise comparisons. Differences in the amount of debris accumulation, static and kinetic friction forces between as-received and in vivo aged material within each bracket type (C1, C2 and SL) and within each archwire material (NiTi and SS) were tested using the Mann-Whitney U-test. The Spearman rho correlation coefficient was used to assess the correlation between each friction parameter and bracket type (C1, C2 or SL), exposure time (in months), amount of debris accumulation (in percentages), archwire material (SS or NiTi), and archwire manufacturer (3M Unitek or Dentsply GAC).
The results were considered to be significant at P values below 0.05.
Method error for the assessment of debris accumulation and for every friction parameter was calculated by applying the intraclass correlation coefficients among three repeated measurements, which were at least 0.80.
Power Analysis
'A posteriori' power analysis based on the effect size (ES) coefficient (20) was performed to ensure proper statistical power. The ES coefficient is the ratio of the difference between the recordings of two different groups ('as received' and 'in vivo aged') divided by the within-group standard deviation (SD). A clinically relevant ES coefficient has to be at least 0.4 (20) .
Herein, all the ES coefficients for the 'as received' and 'in vivo aged' comparisons (for each parameter and bracket group) were between 0.63 and 2.16. Therefore, the 'a posteriori' power analysis was based on an ES coefficient of at least 0.5, with an alpha set at 0.05, yielding a final power of 0.899.
Results
The amount of debris accumulation according to bracket type is reported in Table 1 . After clinical use, a significant increase in the total percentage of debris accumulation was seen among all three types of brackets, without any significant differences between them (P > 0.05).
Furthermore, a significant correlation was seen between the amount of debris accumulation and bracket type (rho = 0.367; P = 0.028) as well as exposure time (i.e. treatment duration; rho = 0.394; P = 0.017).
The results for the friction parameters according to bracket type and exposure, regardless of archwire material are presented in Table 1 . Within each bracket type (C1, C2 and SL) no significant difference was observed between as-received and in vivo aged brackets for any friction parameter. The only exception were the SL brackets in which significantly higher static and kinetic (P = 0.001, at least) friction forces were seen in in vivo aged brackets (164.9 cN and 217.63 cN, respectively) than in as-received SL brackets (19.69 cN and 55.72 cN, respectively).
For as-received brackets, a significant difference in static and kinetic friction force (P < 0.001) was observed between the three bracket types. At pairwise comparisons, static and kinetic friction forces measured among as-received SL brackets were significantly smaller than in as-received conventional brackets (P < 0.001 for both C1 and C2), while no significant differences in friction forces were observed between the two types of conventional brackets (P > 0.05). For in vivo aged brackets, a significant difference in static and kinetic friction force was seen between the three bracket types. However, at pairwise comparisons, only the kinetic friction force measured among SL brackets was significantly lower than in C2 brackets (P = 0.021).
The results for the friction parameters according to bracket type, exposure and archwire material (SS or NiTi) are presented in Table 2 . The static friction force was significantly lower when asreceived conventional brackets were coupled with SS archwires than when coupled with NiTi archwires. Similar results, although not statistically significant were seen for in vivo aged material. The only exceptions were the significantly lower static (P = 0.041) and kinetic (P = 0.015) friction forces detected for in vivo aged C1 brackets coupled with NiTi archwires. Of note, a greater variability of the kinetic friction force was seen among brackets coupled with NiTi archwires, both as-receieved and in vivo aged, than brackets coupled with SS archwires. Interestingly, higher static and kinetic friction forces were measured for SL brackets when coupled with SS rather than NiTi archwires, regardless of exposure.
Only bracket type, but not exposure time, amount of debris accumulation, archwire material or their manufacturer, was significantly correlated with both static (rho = 0.602, P < 0.001) and kinetic (rho = 0.584, P < 0.001) friction force. However, when excluding the SL brackets from the analysis, archwire material was significantly correlated with both the static (rho = 0.541, P < 0.001) and kinetic (rho = 0.469, P = 0.001) friction force among conventional brackets. 
Discussion
In the present study, no significant correlation between debris accumulation or archwire material with either static or kinetic friction force was seen after clinical use of conventional and self-ligating brackets. Moreover, only bracket type was significantly correlated with both the static and kinetic friction force. Recently, Araujo et al. (5) investigated the influence of debris accumulation on friction force in self-ligating and conventional brackets after 8 weeks of in vivo exposure and concluded that accumulation of debris in the bracket slot produces a significant increase of friction force, in particular among self-ligating brackets. It has been claimed that as self-ligating brackets have more retention places than conventional brackets for debris accumulation, this might result in higher friction forces measured among in vivo aged self-ligating brackets (21) . Although also in the present study a significantly higher friction force was seen among in vivo exposed selfligating brackets in comparison with as received material, this could not be attributed solely to debris accumulation. In fact, no significant differences were seen between the three bracket types regarding the degree of debris accumulation and the long-term debris accumulation by itself was not significantly correlated with friction force. The contrasting results of previous (5) and present studies could be due to the semi-quantitative assessment of the previous study rather than the quantitative assessment of debris accumulation that was performed here in. Moreover, the longer in vivo exposure time (32.91 ± 8.12 months) of the present study might have also influenced the results. In particular, due to the longer in vivo exposure time not only debris accumulation that was similar between the three bracket types, but also material wear occurred. The latter probably had a greater influence than debris accumulation on both the static and kinetic friction force. In fact, despite from debris accumulation, other factors including bracket's slot wear may play a role in friction during sliding. Previous experimental results showed that softer bracket materials and harder archwire alloys give lower values of kinetic friction (15) . More in detail, for the conventional brackets investigated in the present study, a higher friction force was seen only for in vivo exposed C2 (but not for C1) brackets when compared with as-received material. Therefore, our findings might be a result of different hardnesses of the C1 and C2 brackets due to their manufacturing procedures. Furthermore, in the electronic microscope more notches for in vivo aged C1 brackets in comparison with C2 brackets were observed. This might have increased the interplay of the archwire in the bracket slot decreasing the measured kinetic friction force as suggested in a previous study (16) .
Lower levels of friction have been reported among self-ligating brackets in comparison with conventional brackets (11, 22, 23) . However, in those studies frictional testing was performed on asreceived material while many alterations of brackets and archwires might occur during treatment in the oral cavity due to mechanical loading and chemical degradation. In the present study, as-received SL brackets also showed significantly lower static and kinetic friction forces in comparison with conventional brackets, while significantly higher friction forces similar to the ones measured in conventional brackets were seen among in vivo aged SL brackets.
The present study also aimed to assess the influence of archwire material on friction force. NiTi archwires coupled with SL brackets, both as-received and in vivo aged result in smaller friction forces compared to SS archwires, which is in agreement with the study of Peterson et al. (24) that found nitinol wire to exhibit less friction than stainless steel. On the contrary, results of other previous studies reported lower friction forces for SS archwires than other materials (9, 25) . However, when excluding the self-ligating brackets from the analyses, significantly higher static and kinetic friction forces were observed for as-received NiTi than SS archwires. In this regard, the NiTi clip that actively engages the archwire during the final phases of treatment could play a role. In fact, in the present study 0.019 × 0.025 inches NiTi and SS archwires were engaged in a 0.022 inch bracket slot, leaving a small amount of interplay between the clip and bottom of the slot. As the NiTi archwire is less stiff, the resulting engaging clip's force might be smaller than the one performed on the stiffer SS archwire, resulting in higher static and kinetic friction force measured herein for SS archwires. However, further research is needed in this regard to fully explain the role of the SL clip. Moreover, the smaller interbracket distance between the SL brackets due to their width might have also affected the measured friction forces (26) .
No significant differences were observed for in vivo exposed archwires, suggesting that in vivo exposure changes their surface characteristic, as seen by scanning electron microscopy examination, but it does not have a major impact on friction.
Interestingly, the kinetic friction force measured here in was higher than the static friction force, regardless of bracket type or archwire material. The different results of the present and previous studies might be due to the fact that the friction tests were performed on brackets of lower incisors in which surface damage of the material due to notching is more prevalent than in premolar brackets (27) . Furthermore, previous studies reported that roughness of the material influences both static and kinetic friction forces. In fact, it has been claimed that a surface with higher peaks and deep valleys (i.e. high kurtosis) in combination with occasional scratches or a lack of peaks (i.e. negative skewness), though a smooth surface containing deep valleys, result in lower friction (28) . It has been suggested that those deep valleys act as micro-traps for capturing debris or as micro-reservoirs which enhance lubrication. On the other hand, in particular when tests are performed at low speed as in the present study, high kurtosis and positive skewness result in overall higher friction forces and in a lower static coefficient of friction (29) . Therefore, it is possible that the lower static than kinetic friction force measured in the present study in both as-received and in vivo exposed material were a result of the bracket/archwire surface roughness.
A limitation of the present study could be that it was performed only in the dry condition and the role of saliva as a lubricant was not tested. Although our aim was mainly to focus on differences between as-received and in vivo exposed bracket/archwire couples, studies that aimed to assess friction in dry and wet conditions reported (11, 12, 30, 31) , that in wet conditions with different kinds of lubricants, higher or same friction forces as in dry conditions are seen. Moreover, it has been reported (29) , that the most dominant parameter affecting friction force in the wet condition is skewness and even at high average roughness the more negative skewness is, the lower the friction force is measured.
Clinical significance
Our results suggest that long-term in vivo exposure influences the behaviour of the bracket/archwire couples due to several alterations occurring during clinical use, mainly decreasing the sliding ability of the archwire along the SL brackets. In fact, friction forces measured among in vivo-aged SL brackets were not significantly lower in comparison with conventional brackets. The results of the present study showed, that bracket type, rather than debris accumulation or archwire material, was significantly correlated with both the static and kinetic friction force. Therefore, careful treatment planning regarding the use of different types of brackets (conventional or selfligating) in an individual case resulting in either smaller or higher friction forces, might be profitable.
Furthermore, SS archwires because of lower and more predictable friction forces should be preferred over NiTi archwires during space closure. If self-ligating brackets are used, NiTi archwires can be used also for sliding mechanics due to the lower friction forces measured in the present study. Although debris accumulation plays only a negligible effect on friction force, it appears beneficial to clean carefully the brackets and archwires at each visit as the amount of debris accumulation increases significantly with exposure.
Conclusions
Based on the results of the present study, it can be concluded that:
1. A significant correlation was seen between friction force and bracket type, while treatment duration, amount of debris accumulation, archwire material or their manufacturer was not significantly correlated to it. 2. Higher static and kinetic friction forces were measured among in vivo exposed SL brackets than in as-received ones. 3. Lower static and kinetic friction forces were measured among as-received (but not in vivo exposed) conventional brackets when coupled with SS archwires than when coupled with NiTi archwires.
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